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tionsfor Long-Baseline Neutrino BeamsRobert Zwaskafor the SNuMI Planning GroupJuly 17, 2006Abstra
tThis note des
ribes the rates of proton delivery that may be available in the futurefor long-baseline neutrino experiments. Several potential a

elerator 
on�gurations arebrie
y des
ribed and analyzed in terms of their potential proton rates and s
hedules.Beam power is 
onsidered for variable primary proton energies between 30 and 120GeV, delivered by the Main Inje
tor.1 Introdu
tionThe Fermilab a

elerators 
urrently produ
e high-power proton beams to three users:� Antiproton produ
tion for the 
ollider program with 120 GeV protons, and an averagebeam power of 50 kW (peak power of 70 kW).� Neutrino produ
tion for the NuMI beam with 120 GeV protons, and an average beampower of 170 kW (peak power of 270 kW).� Neutrino produ
tion for the MiniBooNE beam with 8 GeV protons, and an averagebeam power of 10 kW (max power of 40 kW).The above protons are produ
ed using the 400 MeV Lina
, 8 GeV Booster syn
hrotron, and120 GeV Main Inje
tor (MI) syn
hrotron. The Lina
 and Booster a

elerate all of theseprotons, a portion of whi
h are extra
ted to the MiniBooNE experiment, the rest going tothe MI where they are further a

elerated before being sent to either the NuMI beam or theantiproton sour
e.In
reases in the proton power deliverable may 
ome from three sour
es:1. Improvements to the 
urrent a

elerators to in
rease their 
apa
ity or eÆ
ien
y.2. Repla
ement of 
urrent a

elerators with more 
apable ones.3. Reuse of other Fermilab rings to streamline the proton a

umulation and a

elerationpro
esses.The possibilities dis
ussed herein in
lude 
ombinations of the above te
hniques. The MainInje
tor is used in all plans as it is the only fast ramping a

elerator at Fermilab that ex
eeds8 GeV; for ea
h s
heme, however, the MI must be improved in some fashion. The Boosterprovides the dominant limitation on beam power; the s
hemes in
lude its repla
ement, im-provement, and methods to better use its beam. The potential s
hemes 
an be grouped intothree broad programs: 1



The Proton Plan is a series of upgrades 
urrently underway in the Lina
, Booster andMain Inje
tor. The plan is intended to improve reliability and in
rease beam powerto the neutrino experiments. The Booster will be 
hanged to allow a higher rate ofoperation at lower beam losses; the Main Inje
tor will be 
hanged to allow inje
tionand slip-sta
king of eleven Booster bat
hes.The upgrades are to be 
omplete by 2008; realization of the improvements shouldo

ur over another year. During this period, a portion of the protons will still beused for antiproton produ
tion, a portion whi
h 
an be redire
ted after the end of the
ollider. The tests that the Proton Plan puts upon the a

elerators will be used toguide the details of further upgrade programs, parti
ularly with regard to operation ofthe Booster..Super NuMI (or SNuMI) 
onsists of a series of upgrades to the Booster, Main Inje
tor, andNuMI beamline, as well as the retasking of other Fermilab rings. SNuMI is intendedsolely to in
rease NuMI neutrino produ
tion after the 
on
lusion of the 
ollider run,primarily with the NO�A experiment in mind. SNuMI is in the planning stages, andhas two possible phases: using the Re
y
ler to slip-sta
k Booster beam while the MI isramping; and using the A

umulator to momentum-sta
k Booster beam while storingbeam in the Re
y
ler and ramping the MI.The Re
y
ler would be used to load and slip-sta
k eleven bat
hes of Booster beam.The 
ombined beam would then be extra
ted to the Main Inje
tor and a

elerated to120 GeV. Using the Re
y
ler eliminates the time needed to load the Main Inje
tor,in
reasing the beam power by 50%. Using the Re
y
ler is only possible after the Teva-tron is no longer used for high-luminosity 
ollisions. It is anti
ipated that installationof the ne
essary 
omponents would o

ur in a �ve month shutdown at the end of the
ollider run, and that one to two years would be ne
essary to realize the intensity im-provements; the 
ost of materials and servi
es is preliminarily estimated to be around$10 M.The A

umulator would be used to momentum-sta
k three bat
hes of Booster beam.Six su
h 
ombined bat
hes would be stored in the Re
y
ler, transferred to the Maininje
tor, and a

elerated to 120 GeV. A total of eighteen bat
hes would be 
ombinedand a

elerated in the time it took for eleven in the Re
y
ler stage. Furthermore,momentum-sta
king is expe
ted to pla
e looser toleran
es on the Booster beam qualityand to o

ur more eÆ
iently than slip-sta
king. Using the A

umulator would requiredisassembling Fermilab's antiproton storage 
apability. The 
ivil 
onstru
tion and themajority of installation 
ould o

ur in a one-year shutdown at the 
on
lusion of the
ollider run. The Re
y
ler stage 
ould then be 
ommissioned over a year, followedby a few-month shutdown, and further 
ommissioning of the A

umulator stage overone or two years. A preliminary 
ost estimate for the A

umulator stage is $32 M inmaterials and servi
es { in addition to the Re
y
ler stage.High Intensity Neutrino Sour
e (or HINS { previously known as the Proton Driver) isan entire repla
ement of the Lina
 and Booster by an 8 GeV super
ondu
ting H� Lina
;it would also require substantial upgrades to the Main Inje
tor and NuMI beamline.2



The HINS program is 
urrently in the R&D phase; as the bulk of the HINS is basedon ILC te
hnology, the R&D is fo
used on those devi
es that are not being developedas part of the ILC e�ort. The �rst 90 MeV of a

eleration would be provided by verydi�erent devi
es than the ILC; most of the devi
es are also unique from other proje
ts.Current planning has all of these devi
es being developed and integrated into a one-klystron lina
. This devi
e would be equivalent to the front-end for a HINS and isanti
ipated to be 
omplete by 2010.The results of the HINS R&D will be 
ombined with ILC R&D to prepare new, more�nal, design and 
ost estimates. Previous estimates have put the proje
t 
ost of aproton driver in ex
ess of $300 M. Su

essful HINS and ILC R&D have the 
apa
ityto redu
e the 
ost through better 
omponent performan
e, and to redu
e 
ontingen
y.A s
hedule for any HINS 
onstru
tion is likely to be funding limited, but take at least�ve years.These upgrades have widely di�erent time s
ales, 
osts, and impa
t upon the beam power.Furthermore, beam power s
ales di�erently with primary proton energy in the separates
hemes. Some plans for new neutrino beams request a lower primary proton energy, so thenext se
tion will explore how the Main Inje
tor 
y
le period is a�e
ted. The �nal se
tionuses proje
ted proton intensities and 
y
le periods to establish a rough s
hedule of protonpower available over the next de
ade, and how that power 
hanges with primary protonenergy.2 Main Inje
tor RampThe Main Inje
tor ramp period �gures prominently in any determination of beam power asit 
omprises the denominator of all the 
al
ulations. A somewhat optimized ramp of the MIis shown in in Fig. 1, along with equivalent ramps to lower 
attop energies for beams withlower primary proton energies. The ramp 
onsists of several portions:� An inje
tion period (not shown in the �gure) during whi
h beam is inje
ted fromthe previous a

elerator. For 
urrent running and the Proton Plan this period is one�fteenth of se
ond for ea
h inje
tion from the Booster, ex
ept the �rst. For all others
enarios the time is negligible.� An upward parabola of momentum that is de�ned by the power supplies' abilities toramp; it must also allow the RF bu
ket to deform adiabati
ally, avoiding emittan
edilution. The duration of the parabola is nearly �xed.� The linear ramp up is de�ned by the maximum rate beam 
an be a

elerated bythe RF, but still have adequate bu
ket area. Changing the slope requires extensivemodi�
ations to the RF system.� The parabola just before the 
attop is similarly �xed as the lower parabola.3
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Figure 1: Example ramps of the Main Inje
tor for an optimized 
y
le. The ramp periodsare 
al
ulated for di�erent 
attop energies, while keeping other parameters the same: ramprates, parabolas, hysteresis dip, and dwell times.� The 
attop extends for a period to allow the power supplies to regulate. Signi�
antdistortions persist for tens of millise
onds after the end of the parabola.� The downward parabola and ramp are limited only by the power supplies, and arefaster than the upward ramp.� A hysteresis dip is ne
essary at the end of the down ramp to pre
isely reset the inje
tion�eld. This dip may be modi�ed, but only with extensive experimentation.� An extended inje
tion dwell time is ne
essary to redu
e regulation os
illations, like at
attop.With some optimizations, Fermilab engineers predi
t that the 1.33 s 
y
le shown in Fig. 1is realizable. With further upgrades a 
y
le as short as 1.2 s may be possible, but would testthe 
apabilities of the 
urrent RF system and require very qui
k regulation of the magnet
urrents at inje
tion and extra
tion.The 1.33 s 
y
le period 
onsists of 0.44 s of �xed time, and 0.89 s of time proportional tothe �nal energy of the beam. These numbers are used in the next se
tion to perform s
alingof the beam power with energy for the di�erent upgrade s
enarios.4



3 Power Proje
tionsThe expe
ted proton intensities and Main Inje
tor 
y
le periods for the s
enarios are pre-sented in Table 1. The beam power presented is the peak average possible when the a

eler-ators operate at their maximum intensity and repetition rate. The 
y
le period is longer forthe 
urrent 
omplex and proton plan be
ause of the �lling time from the Booster and thatthe MI ramp has not been optimized.In pra
ti
e, the long-term average beam power delivered to the target is always lower thanthe peak average beam power in Table 1. Su
h ineÆ
ien
ies 
an be programmati
 issues (e.g.beam sharing), a

elerator downtimes, beamline downtimes, ma
hine studies, and s
heduledshutdowns. The a

umulated e�e
t of these ineÆ
ien
ies has been studied for planningpurposes, and is di�erent in the di�erent s
enarios. The Proton Plan has developed detailedannual prje
tions of beam power for the near future. For simpli
ity in the later s
enarios, we
onglomerate all e�e
ts into an e�e
tive number of time per year at whi
h the a

eleratorsrun at the peak power. Re
ent history has suggested this number is � 1.7�107 se
onds peryear. The number is probably 
onservative for the HINS and later stages of running. TheHINS is potentially simpler to operate than the Lina
 and Booster, and would at least benewer. Also, in general, experien
e gained through operations should allow more eÆ
ientoperation of the 
omplex.The beam powers and e�e
tive uptime per year are 
ombined with anti
ipated s
hedulesto 
al
ulate the integrated protons that would be delivered in ea
h year; these values arepresented in Table 2. The Proton Plan, being underway, has 
on
rete goals for its 
apabilities.The SNuMI stages are intended to be installed in 2010 and 
ommissioned thereafter { asthe A

umulator stage is a greater disruption to the 
omplex it takes a longer time to rea
hits potential. The HINS predi
tion is an arbitrary start time, 
hoosing a 
onstru
tion startin 2010 and lasting for 5 years, with a yearlong shutdown for integration in 2015 { no su
hs
hedule exists.S
enario Proton Intensity Cy
le Period Beam Power(1012 protons) (s) (kW)Current Complex 33 2 320Proton Plan 49 2.2 430SNuMI { Re
y
ler 49 1.33 700SNuMI { A

umulator 83 1.33 1200HINS 150 1.33 2200Table 1: Proje
ted proton intensities and powers in the upgrade s
hemes, a portion of whi
h
an be used for neutrino produ
tion. The Main Inje
tor 
y
le period is set by the ramp and�lling time; a marginal improvement in the ramp period is expe
ted in SNuMI or HINS,and the �lling time is eliminated as well. The beam power is that 
al
ulated for 120 GeVprotons, and would be the total available for all users (in
luding antiprotons).
5



Current Proton SNuMI {Complex Plan A

umulator HINS2006 2.3�1020 2.3�10202007 2.3 2.82008 2.3 3.12009 2.3 3.42010 3 4 02011 3 4 52012 3 4 72013 3 4 102014 3 4 102015 3 4 10 02016 3 4 10 122017 3 4 10 20Table 2: Expe
ted annual numbers of protons deliverable for neutrinos in ea
h of the possibles
enarios. The later stages have numbers starting at the assumed time of installation, whi
htemporarily redu
es the running time; the HINS date is taken arbitrarily to be 2010 plus5 years for 
onstru
tion. The �rst two 
olumns in
rease in 2010 due to the 
on
lusion ofantiproton produ
tion.Power S
alingThe s
aling of the beam power with primary proton energy is shown for ea
h of the s
enariosin Fig. 2. The HINS performs best at lower energies as it does not depend on the Boosterfor produ
ing protons. The SNuMI stages have kinks at 50 and 100 GeV, below whi
h thedeliverable beam power is limited by maximum Booster throughput, not the MI ramp.This plot 
an be used to adjust the predi
ted rates presented in Tables 1 & 2. We notethat deliverable proton power is always de
reased by lowering the primary proton energy.Additionally, for all non-HINS s
enarios the expe
tations of proton rate through the Boosterin
reases for lower energies. The performan
e of the Booster at higher rates has not beenestablished and will only 
ome with a

elerator improvements, hopefully realized throughthe Proton Plan.
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Figure 2: These 
urves express the e�e
t of primary proton energy upon the proje
tedproton beam power available in the several upgrade s
enarios. From bottom-to-top, the lines
orrespond to the 
urrent 
omplex (blue), Proton Plan upgrades (green), SNuMI Re
y
lerstage (light blue), SNuMI A

umulator stage (red), and the HINS (brown).
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